depletion adult (CDAJ gruupsJ. After 40 days (CDJ and normal diet juvenile groups) and 60 days (CDA and normal diet adult groups), animals were killed and several skeletal muscles were removed for analysis of creatine content or MHC distribution. In the CD,J group, creatine depletion (78%·) was accompanied by significant shifts toward expression of slower MHC isoforms in two slow and three fast skeletal muscles. In contrast, creatine depletion in adult animals did not result in similar shifts toward slow MHC isoform expression in either muscle type. The results of this study indicate that there is a differential effect of creatine depletion on MHC transitions that appears to be age dependent. These results strongly suggest that investigators contemplating experimental designs involving the use of the creatine analogue /3-guanidinopropionic acid should consider the age of animals to be used. ,8-guanidinopropionic acid; creatine analogue CREATIN~: DEPLETION via the feeding of creatine analoi:.,,ues has been employed in numerous studies on striated muscle plasticity. This intervention is thought to provide a "passive" (i.e., loading state unchanged) model that can be used to study muscle function, energetics, metabolism, fiber type changes, and, more recently, contractile protein expression.
In general, the information that emerges suggests that chronic creatine depletion results in the alteration of various functional, structural, and metabolic parameters reminiscent of those seen with endurance type training ( 1). These parameters include decreased shortening of maximal velocity ( 10), increased endurance (7, 10) , increased citrate synthase, and decreased glycolytic enzyme activities (10, 13) . Changes in muscle fiber type or myosin heavy chain (MHC) distribution indicative of increased type I MHC expression have also been reported (6, 9, 13). Such changes would also support a shift from a "fast" to a "slower" phenotype.
In a recent study, Adams et al. (1) employed creatine depletion in an attempt to counter the decreased expression of type I MHC normally observed in rat hindlimbs when the animals are tail suspended to unload these muscles. On the basis of the literature, we were surprised to find that several muscles from fully ambulatory animals fed a diet containing the creatine analogue .8-guanidinopropionic acid (.8-GPA) failed to demonstrate altered MHC expression. This lack ofresponse occurred despite significant depletion (65%) of the creatine in a sample muscle. On examination of the methods employed in various studies that reported major fiber type or MHC shifts, we found one consistent difference: the age of the animals. Studies reporting significant effects of creatine depletion on the fiber type profiles of muscles have uniformly employed very young (e.g., weaning) animals (6, 9, 13). The animals used by Adams et al. were young adults (initial body wt >220 g, age 9 wk). This led us to speculate that the imposition of creatine depletion at a time when animals were rapidly growing might have a greater effect on myosin isoform expression, which is absent or less pronounced in older animals.
The present study was undertaken in an attempt to elucidate a possible age/developmental stage dependence of creatine depletion with regard to MHC isoform expression. Taken together with previously published findings of Adams and co-workers (1) , the results indicate that the muscles of juvenile rats respond differently to this intervention compared with animals exposed to creatine depletion as adults. These findings are of importance for the interpretation and comparison of various studies found in the literature as well as the design of future studies employing this model.
METHODS
/'.J-GPA was synthesized from /3-alanine and cyanamide (Sigma Chemical, St. Louis, MO) (12) . Twelve Sprague-Dawley rat pups were obtained from a single litter. At weaning (age 28 days, initial wt 62 ::t_ 2 g), these animals were removed from the mother and separated into two groups. Seven rats were placed on a pelleted diet consisting of standard rat chow plus 1% wt/wt .6-GPA [creatine depletion juvenile (CDJ) group]. The remaining five animals were placed on a standard rat chow diet lnormal diet juvenile (NDJ) group]. Sixteen female Sprague-Dawley rats were obtained as adults (initial wt 207 .!.. 3 g, age 8 wk) from the same closed breeding colony and randomly assigned to a normal diet adult or a Olfil-7567/9/; $3.00 Copyright f; 1995 the American Physiological Society 369 creatine depletion adult group. All animals were housed in standard vivarium cages and were allowed food and water ad libitium.
At the end of 40 days, the four males plus three females from the CDJ group and three males plus two females from the NDJ group were anesthetized with pentobarbital sodium. The vastus lateralis (VL) muscle from one leg was then dissected free and quick frozen for the determination of creatine content. The soleus (SOL), plantaris (PLN), medial gastrocnemius (MG), vastus intermedius (VI), tibialis anterior (TA), and extensor digitorium longus (EDL) muscles were excised from the opposite leg, trimmed of fat and connective tissue, weighed, placed in precooled glycerol, and stored at -20°C for subsequent myosin determination. Animals were then killed by an overdose of pentobarbital sodium.
At the end of 68 days, the animals in the normal diet adult and creatine depletion adult groups were anesthetized with pentobarbital sodium and the SOL and PLN muscles were harvested as above.
Myofibril extraction. Muscle samples were homogenized in -20 vol of a solution containing (in mM) 250 sucrose, 100 KCl, and 5 EDTA. The homogenate was centrifuged and resuspended successively in three solutions: J) 250 mM sucrose, 100 mM KC!, and 5 mM EDTA; 2) 0.5% Triton X and 175 mM KCl; and 3) 150 mM KC!. The final pellet was resuspended in 1 ml of 150 mM KC!. The protein concentration of this solution was determined with the biuret method (3) . An aliquot of myofibril suspension was added to a solution containing 50% vol/vol glycerol, 100 mM Na 4 P 2 0 7 , and 5 mM EDTA at a concentration of 1 mg/ml and stored at -20°C.
Myosin analysis. The myofibril fraction was analyzed to determine relative content of type I, Ila, IIx, and Ilb MHCs in the muscles harvested. Five-microliter samples of stored myofibril solution were added to 35 µl of denaturing buffer [62.5 mM tris(hydroxymethyl)aminomethane, 20% glycerol, 1 % ,6-mercaptoethanol, 2.3% sodium dodecyl sulfate (SDS), and 0.05% bromophenol blue) and heated at 100°C for 2 min. After this treatment, a 16-µ,l aliquot (2 µg) was withdrawn for analysis by SDS-polyacrylamide electrophoresis (PAGE).
Samples were analyzed via SDS-PAGE as previously described (1) . Separating gels contained 30% vol/vol glycerol, 8% wt/vol acrylamide (2% cross-link), 1% wt/vol glycine, and 0.4% wt/vol SDS. Stacking gels contained 40% vol/vol glycerol and 4% wt/vol total acrylamide (2.7% total acrylamide). Gels were run at 275 V for -22 h. Gels were stained for 1 h with Brilliant Blue G 250 dye (Sigma Chemical) and then destained with 25% methanol and 5% acetic acid. MHC bands were scanned with a laser densitometer (Molecular Dynamics, Sunnyvale, CA). The peaks of interest were identified in the digitized densitometric data sets, and the area of each peak was determined by integration.
Creatine assay. Frozen VL muscles were pulverized in liquid N 2 and extracted in perchloric acid (4). Creatine was assayed by using standard enzymatic techniques (4) .
Statistical analyses. All values are reported as means :' :: SE. Treatment effects were determined by Student's t-test using the Instat software package (Graphpad Software, San Diego, CA). The 0.05 level of confidence was accepted for statistical significance. Analyses of all percent data were performed on arcsine-transformed values to correct for nonnormal distribution. Percent data presented represent the nontransformed values.
RESULTS
As is commonly reported for studies using /3-GPA, the body weights of the animals placed on the analogue diet tended to be lower than those of the animals on the normal diet ( Table 1) . The large variability in juvenile rat body weights resulted from the inclusion of both male and female rats from the original litter. The diet-induced differences in body weight were similar in both males (-15%) and females (-16%) (results not shown). The body weights of adult rats depleted of creatine averaged ~ 11 % less than those of the normal diet control rats ( Table 2) . Except for absolute muscle weights and total body weight, no differences were found between males and females in any parameters measured. The data from males and females were therefore combined for all subsequent analysis. The muscle-to-body weight ratios of the four muscles composed of myofibers expressing predominantly fast MHC isoforms (PLN, MG, TA, and EDL) were significantly lower for the CDJ group ( Table 1) . The predominantly slow MHC-expressing muscles, i.e., VI and SOL, as well as the left ventricle of the creatine-depleted group had muscle-to-body weight ratios similar to the NDJ group. A similar trend, involving lower normalized fast muscle weight, was seen in the adult rats ( Table 2) .
The diet containing 1 % wt/wt ,8-GPA resulted in significant depletion of creatine in VL muscles that was similar in both juvenile ( -81%) and adult (-78%) rats (Tables 1 and 2 ).
In the predominantly slow VI and SOL muscles of juvenile rats, creatine depletion resulted in significant declines in the proportion of type Ila MHC. In SOL, the decline in type Ila was reflected in a shift to expression of 100% type I MHC as detected by SDS-PAGE and densitometry (Table 3 ). In the four fast muscles, creatine depletion resulted in declines in the proportion of type Ilb MHC ranging from 11 to 24%. In these muscles, the decline in percentage of type Ilb was offset by varying increases in the putatively slower isoforms (types Ilx, Ila, and I). In all four fast muscles (PLN, MG, TA, and EDL), creatine depletion in juvenile rats resulted in small increases in type I MHC.
In contrast to the results seen in the juvenile rats, no shift toward slower MHC isoforms was seen in either the representative slow SOL or fast PLN muscles of adult rats depleted of creatine (Table 4) .
DISCUSSION
The primary purpose for the present study was to examine the age dependence of creatine depletion-induced muscle phenotype plasticity. Several previously published studies reported significant effects of creatine depletion on the fiber type or myosin distribution of rodent hindlimb muscles (6, 9, 13, 15 (2), the results obtained with juvenile rats in the current study are in qualitative accord with the findings of these previously published reports (Table 3) . However, creatine depletion does not appear to be a powerful stimulus for the upregulation of slower (e.g., types I and Ila) MHC isoforms in adult rats (Table 4 ). This differential effect should be taken into account when one designs or interprets studies using /3-GPA to manipulate skeletal muscle phenotype. An example of this caveat is found when the results of Matoba et al. (6) and Adams et al. (1) are compared. In both studies, creatine depletion was employed in an attempt to prevent the shift toward faster MHC or fiber type expression, which is known to result from hindlimb unloading during tail suspension in rats (14) . Matoba et al. (6) used juvenile rats and found that creatine depletion not only prevented a decrease in slow fiber types but actually increased slower fiber type proportions in suspended animals. In a study of similar design but that used adult rats, Adams et al. (1) found that creatine depletion did not alter the loss of type I MHC and had only minor effects, retarding the increase in Ilb MHC in some muscles.
In summary, this brief communication is intended to provide a cautionary note to investigators contemplating experimental designs involving the use of the creatine analogue ,8-GPA. Our results clearly indicate a differential effect of creatine depletion on MHC transitions that appears to be age dependent.
